Frugivorous birds are involved in the distribution of fleshy-fruited plants. In a temperate forest in northern Europe, we investigated how fruit-eating birds and habitat variation affect the local distribution of these plants and what the consequences are to the species composition of the fruit-bearing plant community. We subdivided the forest into 25 )/25 quadrates and mapped the distribution of all fleshy-fruited plant species (18 species) expected to have their seeds dispersed by birds. Our specific aims were (i) to test if the distribution of the fleshy-fruited species in the forest was clumped, (ii) nested, and (iii) to describe the set of species as an interacting network. Our results show that bird-dispersed fleshy-fruited species in a temperate forest constitute a set of orchards with a strong spatial structure. The distributions of species were highly correlated and nested. We suggest that factors involved in dispersal and colonization are mainly responsible of a nested structure, where rare species are only found together with more widespread species and species-poor sites only contain widespread species. Besides, the community had small-world topology with high clustering and short path length between species. This makes the network robust against random perturbations.
Introduction
Studies of the seed-dispersal/food mutualism between fleshy-fruited plants and fruit-eating birds are numerous (Levey et al. 2002) . Few studies, however, pay notice to how fruit-eating birds may affect the local distribution of their food plants (but see Debussche et al. 1982 , Jordano 1994 . Seeds of several plant species may, for example, become dispersed simultaneously through the guts of the same generalist birds, resulting in a correlated distribution. Depending on the behavior of the birds, droppings containing seeds of fleshy-fruited species are likely to be left at sites where birds forage for fruit and where fleshy-fruited plants are already growing. This will not just enforce an aggregated and correlated distribution, but also speed up the accumulation of even more fleshy-fruited plant species. These sites then become hot-spot food habitats to birds, and a complex structure of competitive and facilitative links may arise between involved plant species (Oppenheimer 1961 , Debussche et al. 1982 , Jordano and Godoy 2000 . We name such sites 'bird-made fruit orchards'. Within an orchard, plant species may be further organized spatially, depending upon variation in disperser guild, bird foraging behaviour, fruit crop size and fruiting. One possible pattern is a nested structure (Wright and Reeves 1992) . If species in an orchard are nested, rare species are always associated with common species, i.e. it seems as if abundant and widespread species mediate the establishment of rarer species. At least in temperate regions, where climate constrains fruiting phenology to a short period, a nested pattern makes ecological sense because rare fruit species cannot sustain a disperser on their own.
Besides being nested, fruit species co-occur in varying numbers and certain species may co-occur more or less often than expected by chance. Such patterns may tell us about frugivore trait preferences, levels of fruiting synchrony, fruit-bearing plant colonization history, etc. In order to obtain such detailed information about the structural distribution of a set of species, a network approach to data analysis may be of value (reviewed by , Strogatz 2001 , Solé et al. 2003 , Watts 2003 . Networks link objects or nodes and show characteristic properties across their specific nature. Recently, network analysis has received attention in many, vastly different fields: social sciences, world-wide web studies, economics, neurobiology, traffic planning, film analysis, methodological studies of scientific citation and co-authorship, electrical power supply planning, biochemistry and ecological studies, e.g. of the food web of Little Rock Lake in Wisconsin, USA (Williams and Martinez 2000) and of mutualistic webs (Jordano et al. , 2005 . These non-ecological networks share a set of properties that makes it possible to predict their robustness against disturbances. If ecological networks also have these properties, network analysis may turn out to be a valuable tool in stability analysis. Thus a network analysis of the spatial structure of bird-made fruit orchards reveals how their plant species are assembled in space and produces predictions about the robustness of the assemblages against perturbations.
In a temperate forest, we mapped the distribution of all fleshy-fruited plant species expected to have (at least part of) their seeds dispersed by birds. Our aims were to test (i) if the distribution was aggregated (i.e. were there any bird-made fruit orchards?), (ii) if the distribution was nested, and (iii) to describe the community as an interacting network and to make predictions about its stability.
Material and methods

Study site
The study was conducted in Suserup Forest, central Zealand, Denmark (E11833?, N55823?) . Palynological data show that the forest has existed continuously since the last glacial period and it is recorded on maps dating back to 1640, being conserved since about 1790. The 19-ha forest lies in the temperate deciduous forest zone at an elevation of 3 Á/20 m above sea level. The forest is very heterogeneous, containing all forest phases (Christensen and Heilmann-Clausen 1993) . Major tree species are Fagus sylvatica and Quercus robur. Several other woody species, e.g. Acer platanoides, Alnus glutinosa , Corylus avellana , Fraxinus excelsior, Malus sylvestris, Ulmus glabra and Viburnum opulus are also common, together with many herbs (nomenclature according to Hansen 1981) . About 25 bird species breed in the forest. During autumn, the frugivorous bird fauna, i.e. seed dispersers and seed predators, mainly consists of Columba palumbus, Corvus spp., Pica pica , Garrulus glandarius, Dendrocopos major, Fringilla coelebs, Sitta europaea , and various Turdidae and Paridae spp. No seed dispersal study exists from the forest.
Mapping of fruit-bearing plants
We assumed all fleshy-fruited species in the forest to be at least partially bird dispersed, although this was not necessarily so. Juveniles and adults of all fleshy-fruited species in the forest were identified and their position plotted on a map of the forest based on 93 quadrates each of a size of 50 )/50 m (Christensen and HeilmannClausen 1993) . We subdivided these further into 25 )/25 m quadrates and obtained a total of 333 quadrates. However, only 264 of these possessed any fleshy-fruited plants. These latter quadrates were termed 'sites'. Only data about the presence or absence of species in a site were used to answer our questions. To determine whether the distribution patterns of different plant species were correlated, we used a method developed by Palmer and van der Maarel (1995) . The frequency, p i , of sites including species i, is given by the number of sites occupied by this species and divided by the total number of sites, i.e. 264. However, we assumed birds were the main cause of the observed distribution patterns. Sites may also differ in germination and establishment qualities, e.g. light may be a more important determinant of the number of fleshy-fruited plant species than birds. Thus light gaps and forest edges may differ in species number from the interior of the forest. 'Forest edge' was operationally defined as a zone 5/25 m from the margin of the forest. Species density (i.e. number of fruit-bearing species per quadrates; all 333 quadrates included) of forest edge (94 sites) and forest interior (239 sites) was compared (Mann Á/Whitney U-test). Fallen trees were used as an indication of light gaps. Species density in light gaps (69 sites) and in closed forest (170 sites) was compared too.
Nestedness
Nestedness is a concept extensively used in analysis of presence/absence patterns of species on islands and in habitat fragments (Patterson and Atmar 1986 , Patterson and Brown 1991 , Wright et al. 1998 , Jonsson 2001 . It has also been applied to plant )/pollinator and plant )/seed disperser matrices , Dupont et al. 2003 . In our study, suitable sites to fruitbearing plants are equivalent to islands or habitat fragments. We regarded a site as suitable if it contained at least one fruit-bearing plant species.
A 2-mode presence/absence matrix was constructed with sites in columns and species in rows. A 2-mode matrix depicts links between two set of nodes, e.g. plant species and pollinator species, or as here plant species and sites. Total number of fruit-bearing species was denoted by P and total number of suitable sites in the forest by A (0/264). The matrix size was then M0/AP. L was the total number of links between P and A.
If the spatial structure is truly nested, species-poor assemblages should be perfect subsets of species-rich assemblages. Hence, the fruit-bearing species )/site matrix can be considered nested if rare species are only found in sites together with more widespread species and species-poor sites only contain widespread species, i.e. species-poor sites should not contain unique species. The latter would indicate presence of a unique spatial determinant, e.g. a specialised disperser (a bird, another animal or some unusual abiotic dispersal mode), specific growth requirements, or a non-overlapping fruiting season separating the species from the remaining community. If birds defecate seeds in sites irrespectively of the existing fruit-bearing plant landscape, we expect a random distribution. However, if the plant species grow nested then we expect these species-rich sites either to receive a heavy seed rain or to have fine germination and establishment conditions to the majority of the species.
Several metrics of nestedness have been proposed (Wright et al. 1998, Brualdi and Sanderson 1999) . We used the metric 'matrix temperature', T, as an index of nestedness. Contrary to other metrics, T measures deviations from perfect nestedness simultaneously across both rows and columns. Moreover, as T is said to be independent of M and L, it allows comparisons among different matrices Patterson 1993, Wright et al. 1998) . If the matrix is perfectly nested, all presences will be in the upper left corner. The line separating the presences and absences in a perfectly nested matrix is called the boundary threshold. In an imperfectly nested matrix, some absences are found in the upper left part of the matrix and some presences are found in the lower right corner. T is a measure of the distance from the boundary of such unexpected presences and absences and their numbers, and ranges from 08, indicating perfect nestedness, to 1008 if the matrix is completely anti-nested (checker-boarded). The statistical significance of an observed T-value was evaluated using Monte Carlo simulations, which generate randomly assembled matrices of similar M and L as the real matrix (Atmar and Patterson 1993) . We calculated T and its statistical significance using the freeware program 'Nestedness Calculator' (Atmar and Patterson 1995) , using 1000 randomisations.
In addition, we included another approach developed by Jonsson (2001) . Here, we used the frequencies of all plant species (p) and made 100 random matrices. Using this procedure the total number of plant )/site links, L, will vary among the matrices generated. Thus the only values kept constant in the randomisation procedure were the p's. As nestedness metric we used the number of discrepancies (d) between every randomly generated matrix and a perfectly nested one of similar size (Brualdi and Sanderson 1999) . Finally, d of the observed matrix was compared to the expected value of d, calculated as the mean from 100 randomly generated matrices, using a t -test (comparing a single value with a sample).
Network analysis
Our 2-mode fruit-bearing plant species )/site matrix described a network of links between species and sites in the forest. This matrix was transformed into a 1-mode plant Á/species matrix with plant species in both rows and columns, which may be used to answer our third question. In general, two 1-mode matrices can be constructed from every one 2-mode matrix. In a 1-mode matrix all nodes are of the same kind, e.g. a 1-mode pollinator matrix depicts links between pollinator species and two pollinator species are linked to each other if they share a plant species. In the 1-mode plant matrix two plant species are linked if they share a pollinator species. In our study, a link between two plant species in the 1-mode plant matrix tells that the two plant species grow at the same site. Graphically, a 1-mode matrix is presented as a network with links between plant species if they grow at the same site. We analyzed the links in the network as un-weighted, i.e. a link gets a value of '1' if a pair of species co-occurs at ]/1 sites or '0', if not.
Some biological and non-biological networks show small-world properties (Strogatz 2001) , i.e. short path length between nodes and clusters of nodes being tightly linked together. These properties cause high-speed dynamics of signals even between distant nodes in the network and (thus) a behavioral synchronicity of nodes. This could in our study be co-flowering and fruiting. The number of links between node i and all other nodes in the network is called the connectivity of i, and is denoted by k i . p(]/k) is the fraction of all nodes that have ]/k links. By plotting p( ]/k) against k we get the cumulative connectivity distribution. A network is scale-free if it has a distribution with a tail best described by a power-law, i.e. p(]k)8k (g ; where g is a fitted exponent. In some cases, the tail of p( ]/k) fits better to a power law with an exponential cut-off p(]k)8k
(g exp((k=k x ); where k x is the cut-off point of the distribution, i.e. it follows a truncated power law; in other cases, p( ]/k) fits best to an exponential distribution, p(]k)8exp((gk) , Amaral et al. 2000 . Barabási et al. (1999) showed that a scale-free distribution emerges automatically from a network growth model in which new nodes are added to a network continuously and attach themselves to existing nodes, with a probability proportional to the connectivity of these (a process termed 'preferential attachment').
A graph is an illustration of a network (Watts 1999 ) and it is characterized by a set of statistics: (1) average connectivity,B/k/, for all nodes; (2) characteristic path length B/l /, i.e. average number of links along the shortest path between two species, averaged over all pairs of species; (3) diameter, i.e. maximum shortest path of all species pairs, which describes maximum link distance between any species; and (4) average clustering coefficientB/c /, a variable defined as the proportion of realized links in the neighborhood of a species i, averaged over all species. The neighborhood of i is the subgraph that consists of the k i species one link away from i (i.e. excluding i itself). If i has k i links, then its neighborhood can have at most k i (k i -1)/2 links. Thus c gives the likelihood that two species linked to a common species also are linked to each other. A shorter path length and a higher clustering make the network more coherent, i.e. make it into a smaller world where the disturbance of a node is transmitted very fast to all other nodes. The network was analysed using the software Pajek (http://vlado.fmf.uni.lj.si/pub/networks/pajek).
Transmission speed in a network may be hampered by compartmentalization or presence of isolates of nodes (Pimm and Lawton 1980) . Some networks are compartmentalized into sub-networks organized around highly connected nodes with few links among sub-networks, as Maslov and Sneppen (2002) showed for protein networks. Such a fragmented structure may localise and dampen effects of deleterious perturbations and reduce their spread to other parts of the network. A measure of level of compartmentalization is the relationship between connectivity of a node and average connectivity of its nearest neighbours ('connectivity correlation' sensu Melián and Bascompte 2002), i.e. if this relationship is negative then highly connected nodes are surrounded by poorly connected neighbour nodes and the network is compartmentalized.
We argue here that a network analysis may improve our understanding of the level of competition and facilitation within a species community and be a first step on the route to design more detailed and targeted experiments. Topological knowledge of the network of a biological community also informs us about how vulnerable it is as an entity, to destruction if highly connected key species go extinct or as a result of stochastic events , Montoya and Solé 2002 , Solé et al. 2003 .
Results
Fruit-plant flora
We recorded a total of 18 fleshy-fruited plant species (Table 1) . Average plant species richness per site was (mean9/sd) 2.29/1.3 species (N 0/264, range 1 Á/7, Fig. 1 ). The distribution was skewed, i.e. a few sites were species rich (orchards), whereas most of the forest had only one species, mainly Sambucus nigra . The individual species showed different degrees of patchiness in the forest. However, the species aggregated at certain sites and this correlated distribution gave rise to a few fruit orchards, i.e. assemblages of sites with a high species number per site (statistic 0/34.8, df0/18, P B/0.01, for details about the statistic see Palmer and van der Maarel 1995; Fig. 2) .
Number of fleshy-fruited species per site was higher at the forest edge than in the interior of the forest (Mann Á/ Whitney U-test: Z0/3.07, PB/0.002). Number of species was the same in light gaps (areas with fallen trees) and in areas without any fallen trees (Mann Á/Whitney U-test: Z 0/0.29, P B/0.77).
Nestedness
The 2-mode matrix had a size M 0/18 species )/264 sites 0/4752. Number of occurrences, i.e. plant )/site links, in the matrix was 574. Matrix temperature was T 0/8.58, whereas average temperature of 1000 random matrices was 51.89/3.48. The probability that the 'Nestedness Calculator' could draw a colder matrix than the one observed at Suserup Forest was: P (TB/8.58) B/0.0001. 
Network analysis
A 1-mode network of fleshy-fruited plant species was made from the 2-mode matrix (Fig. 3) . The presence of a link between two fruit-bearing species means they cooccur at ]/1 sites. In Suserup Forest, a total of 81 links were observed between all 18 fleshy-fruited species, i.e. a link density of (81 )/2/(18)/17)) 53%, in the area of the forest with ]/1 species. Species connectivity k ranged from 5 to 17. Average values of connectivity,B/k/, characteristic path length, B/l /, and clustering coefficient, B/c /, are presented in Table 2 . More than half of all species (57%) was only one link from each other and the remaining species pairs were separated by only two links, i.e. the diameter of the network was 2.
Thus the fleshy-fruited plant community in Suserup did have small-world properties, i.e. very short path length and high clustering, meaning that any kind of interspecific facilitative and competitive disturbance would rapidly transmit to all species. The parameters k and p were positively correlated (ln k0/2.94'/0.26 ln p, N 0/18, R 2 0/0.82, F 0/75, P B/0.0001; Fig. 4) , i.e. widespread species ''sampled'' more links to the rest of the community than rare species did. The most widespread and most connected species were Sambucus nigra , Crataegus monogyna , Ribes uva-crispa and Euonymus europaeus. These species were all found in more than 50 sites and co-occurred with most other species. The connectivity correlation was significant and negative ( B/k neighbors to i /0/(/0.38k i '/14.87, N 0/18, R 2 0/0.80, PB/0.001; Fig.  5 ), which means that highly connected species formed clusters. Figure 6 shows the cumulative distribution p( ]/ k) of k for all plant species. Since all species had at least five links we only considered values of k ]/5. The data fitted best to an exponential model (p( ]/k) 0/2.34 e (0.16k , N0/13 connectivity classes, R 2 0/0.97, PB/ 0.0001; Fig. 6 ). Whereas the fit to a power-law was slightly poorer (p(]/k) 0/9.33k
(1.33 , N0/13, R 2 0/0.94, P B/0.0001; Fig. 6 ). However, a paired t-test of the residuals showed no significant difference between the two models (N 0/13, t0/0.47; PB/0.66).
Discussion
Spatial structure of a community of fleshy-fruited forest plants
The present distribution of bird-dispersed plants in Suserup may reflect either differential seed rain or heterogeneity in establishment conditions or both. In the first case, an orchard may well be initiated by an individual of one of the most widespread species, S. nigra , C. monogyna , R. uva-crispa or E. europaeus. Initial-colonizing individuals kick-off a species accumulation process. By attracting birds to their fruit they speed up the accumulation of other fleshy-fruited species (Glyphis et al. 1981) . During the fruiting season, frugivorous birds spend more time in fruit-rich sites than elsewhere, and seeds of fleshy fruits have a high probability of being regurgitated or defecated close to other bird-dispersed species. In this way, species assemblages accumulate and orchards become established. This process also assumes temporal synchrony between ripening of most of the fleshy-fruited species and the presence of migrant birds. Thompson and Willson (1978) , Fuentes (1992) and Eriksson and Ehrlén (1998) have demonstrated this. Debussche et al. (1982) showed that abandoned commercial orchard trees attract birds and that the regurgitation and defecation of seeds by these birds result in high densities of a range of fleshy- fruited species near to the orchard trees. These findings for temperate regions are not, however, in accordance with those of Loiselle and Blake (1993) for the tropical forest at La Selva in Costa Rica, where these authors studied the distribution of shrubs of Rubiaceae species and found that, except for one species pair, their distribution was uncorrelated. Such lack of any correlation may result if frugivorous birds are specialists on 1-few species. The correlated spatial distribution of fruiting plants may influence frugivore movements and may thus be a determinant of the proportion of fruit removed (alongside other factors). Co-occurrence of rich and poorfruiting species may enhance (through facilitation) or reduce (through competition) the fitness of smallcropped species. For example, Herrera (1984) reported a lower total fruit removal from Rosa canina when it grows together with Crataegus species. Loiselle and Blake (1993) indicated that birds may respond to the abundance or distribution of the whole assemblage of fruits upon which they feed, rather than to abundance of individual species of fruits. Therefore, interspecific competition and facilitation may both be in action in an orchard. In Suserup, these forces are probably enhanced by the nested and small-world structure of the fruit-species community.
Spatial nestedness of fleshy-fruited species
Although nestedness appears to be common in several types of natural systems, and in both continental and island communities, the degree of nestedness varies enormously. In general, level of nestedness is higher on land-bridge islands and in habitat fragments than on true oceanic islands, i.e. in systems more dominated by extinction than colonization (Patterson and Atmar 1986 , Patterson and Brown 1991 , Cook and Quinn 1995 . Mutualistic webs are also strongly nested , Dupont et al. 2003 . Thus, strong nestedness has by itself even been taken as an evidence of selective extinction (Cutler 1991 , Simonetti 1994 . We hypothesize that our highly nested system is colonization driven and that rare species hitchhike with abundant ones via multi-species bird droppings (Wright et al. 1998) . We thus hypothesize here that factors involved in establishment of orchards, can cause the strong nested structure observed even on this very local spatial scale. The high level of nestedness makes the community very cohesive with important implications to its resistance against disturbances. Nestedness also indicates a highly asymmetrical link structure that may enhance rare species survival in a network dominated by facilitation and lower survival in a competitive network . However, we cannot rule out the possibility that the pattern observed is a result of heterogeneity in establishment conditions. The high level of nestedness should then indicate that there are sites superior in establishment conditions to most species. This could be the case for forest margins but not for gaps. A complete separation of the two factors, differential seed rain mediated by birds and heterogeneity in establishment conditions, needs other approaches, such as comparison with the distribution of species not dispersed by birds, a detailed knowledge of growth requirements of individual species or an experimental approach.
A network of fleshy-fruited species
Roughly speaking, network literature reports two types of connectivity distributions: power law fits with no constraints on node and link growth, and truncated power law or exponential fits where the most connected nodes experience growth constraints. Maybe the first type is just an early version of the latter. In new networks like the world wide web, where new pages are added unlimited to the existing net, growth is still unlimited, which is one explanation for its scale-free nature , Tu 2002 . In contrast to connectivity distributions of most social and abiotic networks that obey power-law models, most pollination and seed dispersal communities show truncated connectivity distributions . The lack of any difference between a power and an exponential model in our study is probably due to the small size of the network. Thus a kind of preferential attachment is probably operating, where orchards richest in species attract most birds and thus receive most new plant species. The fruit-bearing species network in Suserup did have small-world properties meaning that any kind of disturbance rapidly was transmitted to the rest of the community. Small-world networks have important properties in relation to perturbations from outside. They have high tolerance against random errors but also high vulnerability to attack on the most connected nodes . Thus, our network of fruit species is expected to be robust against random disturbances imposed upon individual species (e.g. outbreak of species-specific diseases unrelated to the abundance of their host plants). However, since S. nigra , C. monogyna, R. uva-crispa and E. europaeus have the highest possible, or near so, number of links, the network is expected only to break down as a coherent unit if all these species experience a population collapse. If this happens it may have consequences on bird foraging and to facilitation and competition among fleshy-fruited species and, ultimately, to structure of the forest.
Link distribution was slightly truncated, i.e. link attachment to the most connected species might be constrained. The network may still grow with the addition of new links between existing species in the forest but the arrival of new species from outside has ceased because most fleshy-fruited species from the regional species pool are already in the forest. Many networks in our own world, e.g. airports, also face constraints in their growth, e.g. due to capacity problems, that make them depart from a true scale-free development.
In the Suserup network, a negative connectivity correlation exists. The decay is linear but slow (slope Á/ 0.38). This result is similar to those obtained by Melián and Bascompte (2002) for food webs, although they found a threshold above which a domain change becomes similar to that found in compartmentalized networks. Maybe we did not find this threshold because of the small size of our network. Highly connected species do connect to each other and may confer on the network a higher resistance to fragmentation if one of these species are removed, but, on the other hand, links between highly connected species make the network more susceptible to negative cascading effects (Maslov and Sneppen 2002, Melián and Bascompte 2002) .
Network analysis has most often been done on larger networks than this 18-node fruit-bearing species community. However, we anticipate that the approach will have value in future analysis of stability of many small ecological webs as well (Dunne et al. 2002 , Montoya and Solé 2002 . However, more theoretical work on the effects of various types of disturbance in small networks is needed.
In conclusion, bird-dispersed fleshy-fruited plant species in a temperate forest constitute a set of orchards with a highly correlated distribution, high level of nestedness and small-world-like network topology.
